Introduction
Cancer chemotherapy has achieved significant success in the discovery of new drugs [1] . One of the most successful classes of antitumor drugs targets microtubules, the principal components of the cytoskeleton which is important in cell division, organelle transports, cytokinesis, maintenance of cell morphology and signal transduction [2] . The essential role of microtubules in mitosis and cell division makes them and their regulatory proteins important, and perhaps the best, targets for anticancer drugs [3, 4] . There are two categories of anti-microtubule compounds used to target highly proliferating malignant cells.
One is microtubule depolymerizing agents such as colchicinoids and vinca alkaloids which inhibit tubulin polymerization [5] . The other one is microtubule polymerizing agents such as taxanes and epothilones which promote or stabilize the formation of tubulin polymer [6] . The anti-microtubule agents are also classified based on their binding sites on tubulin [7] . Recent studies suggest that the inhibitory effects of these drugs are due to their interruption of microtubule dynamics rather than to alternate the microtubule polymer mass [8] . The disruption of microtubule dynamics leads to the arrest of growing cells in metaphase/anaphase, causing apoptotic or non-apoptotic cell death. Although all of the anti-microtubule agents effectively inhibit microtubule dynamics in vitro, their effects against different types of cancers vary in vivo [9] . In addition, despite the success of taxanes and vinca alkaloids to inhibit the progres-A novel sulfonamide agent, MPSP-001, exhibits potent activity against human cancer cells in vitro through disruption of microtubule www.nature.com/aps Liu ZL et al Acta Pharmacologica Sinica npg sion of some cancers in clinical use, resistance to anti-microtubule agents encounter in many tumor types, particularly after multiple cycles of therapy [10, 11] . Therefore, there has been great interest in identifying and developing novel anti-microtubule drugs.
Sulfonamides have been in clinical use for several decades. Sulfonamides have antibacterial, diuretic, antidiabetic, antithyroid, antihypertensive and antiviral activities [12] . Recently, many novel sulfonamide derivatives have shown substantial antitumor activities [13, 14] . For instance, E7070 and E7010 are regarded as breakthroughs in the discovery of new sulfonamides with strong antineoplastic abilities. E7070 belongs to a class of novel cell cycle inhibitors that block cell cycle progression at multiple points, although its target remains unclear [15] [16] [17] [18] . E7010 reversibly binds to the colchicine-binding site of tubulin and arrests cells in the mitotic phase [19] [20] [21] . Both E7010 and E7070 display antitumor activity against rodent and human tumor xenografts and are currently undergoing phase I/II clinical trials [15, 16, 20, 22] . Another sulfonamide, HMN-214, arrests cells in G 2 /M phase and exhibits antitumor activity. This antitumor activity is mediated by cytotoxicity, via inhibiting polo-like kinase, and by down-regulation of MDR1 via binding to the B-subunit of the essential transcription factor NF-Y [23] [24] [25] . Here we report our discovery of a new benzenesulfonamide, MPSP-001, and study for its ability to inhibit tumor cell growth. We found that MPSP-001 had strong antiproliferative activity against human tumor cell lines, as well as the ability to overcome drug resistance. Analysis of the function and mechanism of MPSP-001 revealed that MPSP-001 is a microtubuledestabilizing agent. It inhibits microtubule polymerization, arrests cells at early stage of mitosis and induces apoptosis. Our data suggests that MPSP-001 is a novel anti-microtubule compound. Understanding the mechanism of MPSP-001 will increase our knowledge about anti-microtubule agents and help us to design other better benzenesulfonamide drugs with anti-cancer activity.
Materials and methods
Synthesis of compound MPSP-001 MPSP-001 was synthesized through a five-step synthetic route, starting from the commercially available 4-methoxybenzenesulfonyl chloride (a) and 3-chlorobenzeneamine (b) . N-(3-chlorophenyl)-4-methoxybenzenesulfonamide(c) was synthesized from a and b, and reacted with ethyl DL-2-bromopropionate to give methyl 2-(N-(3-chlorophenyl)-4-methoxyphenylsulfonamido) propanoate (e). After hydrolyzation, condensation, the final product was synthesized in 20% yield and characterized by 1 Eagle's (MEM) medium and supplemented with 10% FBS, 2 mmol/L glutamine and 1 mmol/L pyruvic acid; MCF-7/ADR cells were cultured in MEM medium and supplemented with 10% FBS, 1 mmol/L pyruvic acid and 0.01 mg/mL insulin. All resistant cell lines were incubated in the drug-free medium for 3 days before harvesting for the growth inhibition assay.
Cytotoxicity assay
In vitro growth inhibition was assessed with the WST-8 assay [26] . Exponentially growing cells were seeded into 96-well plate at a density of 3000 to 10 000 cells/well (depending on the doubling time of the cell lines) and cultured overnight. Then cells were treated with various concentrations of drugs and incubated for additional 48 h. A tetrazolium salt (WST-8) was added at the last 2 h before the end of culture. After continuous incubation for 2 h, the absorbance was measured by a microplate reader at a wavelength of 450 nm. The values shown as the means and SD of at least three independent experiments performed in duplicates.
Flow cytometry analysis
The cells were harvested and washed with PBS, resuspended in 1 mL of ice-cold 75% ethanol. After being left to stand overnight, cell pellets were collected by centrifugation, resuspended in 500 μL of hypotonic buffer (0.5% Triton X-100 in PBS and 0.5 μg/mL RNase), and incubated at 37 °C for 30 min. Then 25 μL of propidium iodide solution (50 μg/mL) was added, and the mixture was allowed to stand on ice for 1 h.
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Immunofluorescence microscopy
After culturing for 48 h on coverslips, HeLa cells were incubated with drugs at various concentrations for 16 h. Cells were then fixed. After being blocked, cells were incubated with mouse monoclonal α-tubulin antibody for 2 h at 37 °C. The secondary antibody, fluorescein (FITC)-conjugated affinity goat anti-mouse IgG (H+L), was added and incubated for 1 h. Chromosomes were stained with 1 μg/mL DAPI in PBS. After washing with PBS, the slides were mounted and sealed. Fluorescence images were captured by using Leica TCS SP2 laser confocal microscope.
Western blot analysis
Cells were lysed in the ice-cold cell lysis buffer (pH 7.6) con-
, 50 mmol/L NaF, and 0.1% Triton X-100. The protease inhibitors including 1 μg/mL aprotinin, 0.5 μg/mL leupeptin, and 100 μg/mL 4-(2-aminoethyl)-benzenesulfonyl fluoride were added to the cell suspension. The cell extracts were gently rotated at 4 °C for 30 min. After centrifugation, the pellets were discarded. Equal amounts of proteins were subjected to 8%-10% SDS-PAGE. After transfered onto nitrocellulose membranes, the proteins were hybridized with various antibodies according to the instructions provided by the manufacturers.
In vitro tubulin polymerization assay
The assay was essentially performed according to Kuo et al [27] . Briefly, the sample (100 μL of 3 mg/mL tubulin proteins) in TP buffer (100 mmol/L PIPES, pH 6.9, 2 mmol/L MgCl 2 , 1 mmol/L GTP, and 15% glycerol) was placed in 96-well microtiter plates in the presence of test agents. Mixtures were warmed to 37 °C and the increase in absorbance was measured at 340 nm in TECAN Genois Pro Microplate Reader and recorded every 30 s for 1 h.
Competitive tubulin-binding assay For colchicine competitive binding assay, tubulin was coincubated with indicated concentrations of MPSP-001 and vincristine at 37 °C for 1 h. Then colchicine was added to a final concentration of 5 μmol/L. Fluorescence was determined using a Hitachi F-2500 spectrofluorometer (Tokyo, Japan) at excitation wavelengths of 365 nm and emission wavelengths of 435 nm. Blank values (buffer alone) as background were subtracted from all samples. Then the inhibition rate (IR) was calculated as follows: IR=F/F0 where F0 is the fluorescence of the 5 μmol/L colchicine-tubulin complex, and F is the fluorescence of a given concentration of MPSP-001 or vincristine (12.5 μmol/L, 25 μmol/L, 50 μmol/L and 100 μmol/L) competition with the 5 μmol/L colchicine-tubulin complex. Vincristine, not binding in the colchicine-site of tubulin, was added as a negative control [28] .
Molecular modeling
The X-ray crystal structure of α,β-tubulin complexed with N-deacetyl-N-(2-mercaptoacetyl)-colchicine (DAMA-colchicine) was obtained from the Brookhaven Protein Data Bank (entry code: 1SA0 [29] ) as the target structures in the molecular docking. Compounds were docked into the colchicine binding site using Autodock 4.00 [30] . For each compound, 30 docking runs were performed and the conformation with the lowest binding free energy was selected as the possible binding conformation.
Analysis of drug synergism
The Combination Index (CI) was calculated to determine whether the drugs interacted synergistically, additively, or antagonistically [31] . The CI is calculated by the following equation: 2 ], in which D 1 is the concentration of a drug necessary to achieve a particular effect in the combination; (Dm) 1 is the concentration of the same drug that will produce the identical level of effect by itself; D 2 is the concentration of the second drug that will produce a particular effect in the combination; and (Dm) 2 is the concentration of the second drug, which will produce the same level of effect by itself. CI>1 indicates antagonism, CI<1 indicates synergy, and CI=1 indicates additivity [32] . Two independent experiments were performed to obtain the CI. The representative data were shown in Table 2 .
Statistical analysis
Unless stated otherwise, experiments were run in triplicate and results were compared in Excel by two-tailed unpaired t-test. In the case of the effects analysis of MPSP-001 on the aberrant mitotic spindle, the statistical analysis of incidence rates of non-bipoles and chromosome misalignment were used to determine significance [33] . MPSP-001 caused cell cycle arrest at the G 2 /M phase and subsequently induced cell apoptosis. We first analyzed the effects of MPSP-001 on cell cycle [34] . MPSP-001 induced a dose-dependent G 2 /M arrest after 16 h of drug exposure. When exposed to 10 μmol/L MPSP-001 for 16 h, 80.11% of the cell population was blocked in G 2 /M phase ( Figure 2A) . Similarly, MPSP-001 induced a timedependent G 2 /M arrest after different time of drug exposure. When exposed to 5 μmol/L MPSP-001 for 4, 8, 16 h, the cell population of HeLa cells in G 2 /M phase was 33.74%, 46.27%, and 78.80%, respectively ( Figure 2B ). We further analyzed the effects of MPSP-001 on HGC-27, A549, and other cells, similar results were observed (data not shown). These data clearly indicated that MPSP-001 was a mitotic blocker.
Results

MPSP-001 inhibited growth of various human tumor cells
We next analyzed the effects of MPSP-001 on cell death. The apoptosis, as indicated by the cleavage of PARP, occurred 16 h after the MPSP-001 treatment ( Figure 3C ).
MPSP-001 disrupted mitotic spindle in cells
Most of the anti-mitotic agents affect microtubules [35] . So the effects of MPSP-001 on microtubule structure were then examined by immuno-fluorescence microscopy using α-tubulin antibody. Normal control cells in metaphase displayed a bipolar mitotic spindle (Figure 3Ad ). Cells exposed to 5 μmol/L MPSP-001 for 16 h displayed disrupted mitotic spindles and chromosome misalignment (Figure 3Ae-3Ah) . Examples of spindle damage including non-bipoles (apolar metaphase, monopolar metaphase, tripolar metaphase and mutipolar metaphase) and chromosome misalignment. A typical example of a tripolar prometaphase was shown in Figure 3Af . Figure 3Ag exemplified a mutipolar metaphase. An example of bipolar metaphase with chromosome misalignment was seen in Figure 3Ah . We counted the number of cells with disrupted mitotic spindles. Among 150 randomly selected cells in the mitotic phase not treated with MPSP-001, there were 2 non-bipolar metaphase cells and 1 chromosome misalignment cell. In comparison, in the randomly selected mitotic cells treated with MPSP-001, there were 39 and 27, respectively. These data showed that the rates of mitotic spindle disruption were significantly different between the MPSP-001 exposed group and non-exposed group ( Figure 3B) .
To compare the effects of MPSP-001 with other mitotic blockers, we studied the morphological changes of tubulin in interphase HeLa cells after exposure to the various drugs. Cells were treated with 250 nmol/L Taxol, 100 nmol/L colchicine, 100 nmol/L vincristine, and 5 μmol/L MPSP-001 respectively for 16 h. Taxol, a microtubule-stabilizing agent, caused an increase in density of cellular microtubules (Figure 3Cb,  3Cg) . In contrast, colchicine and vincristine, two microtubule depolymerizing agents, caused microtubule depolymerization with short microtubules in the cytoplasm (Figure 3Cc, 3Cd,  3Ch, 3Ci) . MPSP-001 (Figure 3Ce, 3Cj ) also caused similar morphological changes of microtubules to that of colchicine and vincristine, suggesting that MPSP-001 may be a microtubule depolymerizing agent.
MPSP-001 inhibited in vitro microtubule assembly and directly bind to colchicine-binding site on tubulin To confirm the above observations, we investigated the effect of MPSP-001 on tubulin polymerization using an in vitro tubulin polymerization assay ( Figure 4A ). MPSP-001 inhibited polymerization of tubulin in a dose-dependent manner similar to that of colchicine and vincristine.
Two known sulfonamide agents, E7010, and HMN-214, all bind to the colchicine site of tubulin. Therefore we further assessed the ability of MPSP-001 to compete with colchicine for binding to tubulin via competitive binding assays. Because the intrinsic fluorescence of colchicine increases upon binding to tubulin [36] , it was used as an index for MPSP-001 competition with colchicine in tubulin binding. As shown in Figure  4B , vincristine did not affect the binding to tubulin. However, the fluorescence of colchicine-tubulin complex was reduced in the presence of MPSP-001 in a dose-dependent manner, suggesting that MPSP-001 were competing with colchicine to bind to tubulin.
Molecular docking predicted the interaction model of MPSP-001 binding to the colchicine site of β-tubulin ( Figure  4C, 4D) . In the docked complex, compound MPSP-001 bound to α, β-tubulin in an extended conformation and the calculated (Table 2) . These results demonstrated a synergy between MPSP-001 with other mitotic blockers in blocking mitosis. Moreover, we also found their synergistic effects on apoptosis with an additional accumulation of sub-G 1 cells [37] ( Figure 5B ).
MPSP-001 exhibited potent cytotoxicity against multidrugresistant cell lines
Multidrug resistance is a notorious nature of tumors for most naturally derived anticancer drugs [11] . To find out whether a major multidrug resistance mechanism, P-glycoprotein (P-gp) overexpression, influences the anti-cancer activity of MPSP-001, we tested the effects of MPSP-001 on two pairs of tumor cell lines with different expression levels of P-gp-overexpression, KB/VCR and MCF-7/ADR. The P-gp-overexpression cells showed high degrees of drug resistance to the control compounds VCR and ADR (RF values were 110.2 and 50.2, respectively) ( Table 3 ). For each of these cell lines, MPSP-001 displayed equal cytotoxicity towards the multidrug resistant cells as well as the corresponding parental cells, with RF values of 1.2 and 1.9 (Table 3 ). These data indicated that MPSP-001' s anti-cancer activity is not affected by the P-gp pump.
Discussion
Microtubules are attractive targets for chemotherapeutic agents [2] . We report here that a novel benzenesulfonamide derivative, MPSP-001, inhibits growth of a broad-spectrum of cancer cell lines at the micromolar range (Table 1 ). It caused cell cycle arrest at the G 2 /M phase and induced apoptosis of tumor cells. Further studies revealed that MPSP-001 disrupted All resistant cell lines were maintained in drug-free medium for 3 d before seeding for growth inhibition assay. Each value represented the mean±SD. of three independent experiments. The RF was calculated as the ratio of the IC 50 value of the multidrug-resistant cells to that of the corresponding sensitive parental cells. VCR, vincristine; ADR, adriamycin; RF, resistant fold; NT, not tested. The exact mechanism by which MPSP-001 inhibited microtubule polymerization and induced apoptosis is not completely understood. Visualization of mitotic spindle with fluorescent microscopy demonstrated that MPSP-001 caused non-bipolar mitotic spindles with chromosome misalignment. The modes of action on inhibiting microtubule polymerization and the effects on mitotic spindle formation of MPSP-001 resemble that of colchicine. We further performed in vitro fluorometric experiment to test whether MPSP-001 can displace colchicine from tubulin, which concluded that MPSP-001 can bind to colchicine site of tubulin. Moreover, molecular docking predicts that MPSP-001 can form two hydrogen bonds to the residues Leu252 and Leu255 of the β tubulin and establish hydrophobic contacts with the colchicine binding pocket ( Figure 4C,  4D) . Drug resistance is a serious problem that restricts the use of microtubule-interfering drugs for clinical therapy [38] . MPSP-001 exerts a similar potency, regardless of the cell's MDR or MRP status ( Table 3 ), suggesting that it is not a substrate of the efflux pumps.
Drugs often have more than one target. For exemple, another sulfonamide, HMN-214, its antitumor activity is mediated by the inhibiting of polo-like kinase and NF-Y [23] [24] [25] . S9, a novel anticancer agent, exerts its anti-proliferative activity by interfering with both PI3K-Akt-mTOR signaling and microtubule cytoskeleton [28] . Likely, the fact that MPSP-001 acted synergistically with colchicine and taxol on blocking mitosis and inducing apoptosis suggests that MPSP-001 may interact with other targets involved in spindle checkpoint or cell death.
Although its targets and mechanisms remain unclear, MPSP-001 exhibits synergistic effects with colchicine and taxol on blocking mitosis and inducing apoptosis, as well as its ability to overcome P-glycoprotein mediated multidrug resistance in taxanes and vinca alkaloids-resistant tumor cells. These results reveal its potentials in anticancer therapy.
In conclusion, our data provide compelling evidences that the novel sulfonamide-based compound, MPSP-001, has broad-spectrum anti-tumor efficacy in vitro by triggering tumor cell apoptosis and is effective against drug resistant tumor cells. Our study indicates that MPSP-001 is a novel microtubule depolymerizer and mitotic blocker. The indepth studies on sulfonamides will help us to design better anti-cancer drugs.
